The study of industrial spatial linkages of urban agglomerations is crucial to recognizing spatial structure and optimizing regional division and cooperation. The existing studies often focus on external spatial interaction at the inter-city level, but few have considered complex internal economic linkages at the inter-sector level. In this study, we established an integrated framework by combining the wave effect gradient field with the gravity model. The wave effect gradient field was used to analyze the inter-sector relation, while the gravity model was adopted to explore the spatial interactions of industry at the inter-city level. The Urban Agglomeration in the Middle Reaches of the Yangtze River (UAMRYR) was taken as a case study, which demonstrates the applicability of the proposed framework. The results indicate that there exists an imbalanced development in the network of industrial linkages in the study region. Each subgroup has presented a self-organized spatial linkage network, but the linkages between subgroups are immature. Compared with other sectors, the high-tech and internet industrial sectors contribute most to economic linkages among cities. Thus, policymakers should take actions to strengthen the inter-subgroup spatial linkages and give priority to the high-tech industries, which is necessary for the integrated and sustainable development of UAMRYR.
Introduction
Regional economic linkages and their spatial structure have become a crucial topic in regional and economic geography [1] . Recently, urban agglomerations become a major spatial form of regional economic development [2] . Urban agglomeration refers to a group of cities in a specific geographic area, often with one megacity as the core and at least three or more major cities. It relies on well-developed infrastructure networks, such as transportation and communication, to form urban communities that are relatively compact and economically connected, and will eventually achieve high integration of urbanization. Industry is the carrier of urbanization and the core of the economic development of urban agglomeration [3] . It plays a crucial role in the formation and development of urban agglomeration. The industrial spatial linkage in urban agglomeration refers to the spatial linkages formed within the region due to the internal technical links among industrial sectors. All industrial sectors should be an integrated system complying with inherent relationships to realize coordinated development based on the concept of gradient. That is, various industrial sectors in different cities are regarded as points in space. Changes in cost and produce of these points in space are expressed by the gradient, and then a gradient is constructed. The advantage of the industrial wave effect gradient field is that it can fully reflect the interactions among different sectors. As for study area, several concentrated mainly on central cities, provinces, inter-provinces, and even countries, but few studies considered urban agglomerations. At present, urban agglomerations have become a major spatial form in regional economic development, but their development still faces many problems, especially those in early stages, due to less flows of resources and technology among cities.
Therefore, in this study, we developed a framework to investigate the industrial spatial linkages in urban agglomeration by integrating the input-output theory and gravity model. First, based on the input-output theory, the wave effect gradient field was established to represent the interactions among different sectors. Then the inter-sectoral relations were evaluated by using response gradient and influence gradient. Second, this framework allows the evaluation of the industrial relation capacity of each sector and the total industry in each city. Third, we measured industrial spatial linkages between various cities by applying the gravity model, including the linkages for total industries and some major sectors. The urban agglomeration in the middle reaches of the Yangtze River (UAMRYR) was taken as the study area to examine this framework. Then, we discussed the optimization strategies of industrial development in the region. The results will provide a theoretical reference for the industrial layout planning of urban agglomeration, and a scientific basis for the promotion of economic linkages and cooperation among regions.
Materials and Methods

Study Area
The UAMRYR is located in central China, with latitudes 26 • 07 -32 • 10 N and longitudes 110 • 15 -118 • 29 E, as shown in Figure 1 . It covers a total area of approximately 317,000 km 2 , and occupies 3.3% of China's total territory area. In 2016, the population and GDP of the UAMRYR were 121 million and 7.1 trillion RMB (about 1.1 trillion dollars), respectively, accounting for 8.8% and 9.6% of the totals in mainland China. The UAMRYR consists of four subgroups: Wuhan Metropolitan Area (WMA), Ring of Changsha-Zhuzhou-Xiangtan Urban Agglomeration (RCZXUA), Poyang Lake Eco-economic Zone (PLEZ), and Xiang-Jing-Yi City Group (XJYCG). The three central cities, Wuhan, Changsha, and Nanchang, are distributed in a triangular configuration (see Figure 1b) . which is introduced into regional and industrial economies based on the concept of gradient. That is, various industrial sectors in different cities are regarded as points in space. Changes in cost and produce of these points in space are expressed by the gradient, and then a gradient is constructed. The advantage of the industrial wave effect gradient field is that it can fully reflect the interactions among different sectors. As for study area, several concentrated mainly on central cities, provinces, inter-provinces, and even countries, but few studies considered urban agglomerations. At present, urban agglomerations have become a major spatial form in regional economic development, but their development still faces many problems, especially those in early stages, due to less flows of resources and technology among cities. Therefore, in this study, we developed a framework to investigate the industrial spatial linkages in urban agglomeration by integrating the input-output theory and gravity model. First, based on the input-output theory, the wave effect gradient field was established to represent the interactions among different sectors. Then the inter-sectoral relations were evaluated by using response gradient and influence gradient. Second, this framework allows the evaluation of the industrial relation capacity of each sector and the total industry in each city. Third, we measured industrial spatial linkages between various cities by applying the gravity model, including the linkages for total industries and some major sectors. The urban agglomeration in the middle reaches of the Yangtze River (UAMRYR) was taken as the study area to examine this framework. Then, we discussed the optimization strategies of industrial development in the region. The results will provide a theoretical reference for the industrial layout planning of urban agglomeration, and a scientific basis for the promotion of economic linkages and cooperation among regions.
Materials and Methods
Study Area
The UAMRYR is located in central China, with latitudes 26°07′-32°10′ N and longitudes 110°15′-118°29′ E, as shown in Figure 1 . It covers a total area of approximately 317,000 km 2 , and occupies 3.3% of China's total territory area. In 2016, the population and GDP of the UAMRYR were 121 million and 7.1 trillion RMB (about 1.1 trillion dollars), respectively, accounting for 8.8% and 9.6% of the totals in mainland China. The UAMRYR consists of four subgroups: Wuhan Metropolitan Area (WMA), Ring of Changsha-Zhuzhou-Xiangtan Urban Agglomeration (RCZXUA), Poyang Lake Eco-economic Zone (PLEZ), and Xiang-Jing-Yi City Group (XJYCG). The three central cities, Wuhan, Changsha, and Nanchang, are distributed in a triangular configuration (see Figure 1b) . After the release of the Development Plan of the Urban Agglomeration in the Middle Reaches of the Yangtze River in April 2015, all the provinces in central China have actively formulated a series of strategic cooperation agreements to strengthen the regional economic linkages in UAMRYR. However, there exist administrative barriers because of the short period since the UAMRYR was put forward. In recent years, industrial structures in Wuhan, Changsha, and Nanchang present similar characteristics, and UAMRYR still lacks for rational industrial division and cooperation. Therefore, it is very urgent to explore the industrial spatial linkages of UAMRYR, aiming at strengthening the regional economic linkages in UAMRYR and boosting the regional economic integration. In this article, UAMRYR, which is in its early stage of development, was chosen as the study area. There are 31 cities in UAMRYR. Due to the lack of data in Xiantao, Tianmen, and Qianjiang, and the incompleteness of the Ji'an administrative region, we did not include these 4 cities in our analysis. The necessary data of the employed population of the remaining 27 cities were collected from the Chinese City Statistical Yearbook (2016). The spatial data were extracted from 1:4,000,000 national geographic information database (vector-based).
Data Source
Methodology
The inter-sectoral interaction can be regarded as a form of potential energy of industrial relations within a city. As a result, the "field strength" of industrial linkages among cities will follow the distance-decayed law. The inter-sectoral interaction can be explained by input-output theory, and the distance-decayed law can be represented by using the gravity model. We designed a framework based on the input-output theory and the gravity model to examine the urban agglomerations' industry spatial linkages, as shown in Figure 2 . First, the wave effect gradient field was calculated to represent the interactions among different sectors based on the input-output table. Second, the coefficients of response gradient and influence gradient were calculated to determine the inter-sectoral relations. On this basis, we evaluated the industrial relation capacity of each city, combined with the scale and industry relation capacity of each sector of each city. Third, the gravity model was applied to calculate the intensity of industrial spatial linkages for inter-city, including total industry and each sector. Finally, we identified the axes of industrial development after the spatial network of industrial clusters was created. 
Calculation of Inter-Sectoral Relations Based on Input-Output Theory
Input-output is a scientific analysis method to study the quantitative relationship among various sectors of the national economy and production. Input-output theory can give full consideration to the characteristics of different sectors, be conducive to better understanding the industrial spatial structure and development characteristics in urban agglomeration, and could provide more accurate information for the formulation of regional or national development plans.
Wave Effect Gradient Field
To better represent the concept of the "industrial field", the wave effect gradient field was calculated by the complete consumption coefficient matrix and direct consumption coefficient matrix in the input-output table, which achieved the transition from the industry inherent relation to the industrial spatial linkages. The wave effect of input-output is transmitted through the Leontief inverse matrix coefficients to various sectors, when the final demand changes. Here, it is assumed that the technical condition always remains unchanged and the inverse coefficient keeps stable. However, due to progress in technology, product structure, and industrial structure changes, the direct consumption coefficient will change very frequently. Hence, it will naturally cause a change in the direct consumption of related industries and total demand. These direct and wave changes, which are carried out in a network of different sectors, can be described by the wave effect field. Therefore, the wave effect gradient field can reflect the dynamic nature of the relationship among sectors and could be calculated by the following Equation (1) [32] .
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where ∇B is the wave effect gradient field, b ij is the element of the i-th row and the j-th column in the total demand coefficient matrix, a kl is the unit vector corresponding to a kl in the k-th row and the l-th column of the direct consumption coefficient matrix, and n indicates the number of industry sectors.
Response Gradient and Influence Gradient of Each Sector
Similar to the response coefficient and influence coefficient in the input-output model [18] , we introduced response gradient and influence gradient to measure the degree of response and influence of an industry in the entire industrial space. The response gradient reflects the agglomeration effect of the economic development in urban agglomeration. A larger response gradient implied that this sector pushes more on other sectors. The influence gradient reflects the diffusion effect of urban economic development. A high influence gradient indicates that the sector has a larger pull effect on other sectors.
The response gradient depicts the response degree of demand that a sector receives, when one additional unit was added to each sector of the national economy system. In other words, the response gradient reflects the total amount of needs of this sector to provide for other sectors. The formula can be expressed as in Equation (2).
where St i represents the response of the i-th industry sector affected by other sectors, and ∇b ij is the coefficient of the i-th row and the j-th column in the wave effect gradient field. If St i > 1, the response degree is higher than the average level of the entire economic system (the average response degree generated by each sector), which means the response of the i-th industry sector is a restriction. If St i = 1, then the response degree is equal to the average level of the entire economic system, that is, the response of the i-th industry sector is neutral. If St i < 1, then the response degree is less sensitive than the average level, which means the response of the i-th industry sector is a weak restriction. Influence gradient refers to the extent to which a sector-generated production demand wave impacts on the other sectors of the economy system, when one unit of final use is added to this sector. The influence gradient can be calculated as:
where Tt j represents the influence gradient value of the j-th industry impacting on other industry sectors. If Tt j > 1, then the influence of industry sector j is greater than the social average influence (the average wave effect that all sectors generated), which means the influence of the j-th industry sector is promoted. If Tt j = 1, the influence of the j-th industry sector is equal to the social average influence-i.e., the influence of the j-th industry sector is neutral. If Tt j < 1, then the influence of the j-th industry sector is lower than the social average influence, which implies that the influence of the j-th industry sector is slackened.
The Inter-Sectoral Relations of Each Sector
The linkage between an industrial sector and other industrial sectors reflects the impact of this sector on other sectors, and the influence by other sectors. If both of these are significant, it indicates that this sector has a close relationship with other sectors. Usually, the indicator of inter-sectoral relations can be explained by measuring the relevance of inter-sector technology. The inter-sectoral relation capacity of each sector can be defined as: where CI m represents the inter-sectoral relation value of m sector, α i is the weight of different sub-categories of ith-sector, and β m is the weight of categories of sector m. Considering the service radius, service threshold, internal technology association of industries, whether to meet the market demand, and other industrial development laws, the weight of the categories is calculated by using an analytic hierarchy process. When calculating the weight of different sub-categories, the response gradient and influence gradient should be considered.
Intensity of Industrial Spatial Linkages for Inter-city (IISLI)
The IISLI of Total Industry
In order to better represent the industrial spatial linkages between cities, an indicator to measure the industrial base of each city is required. Therefore, we put forward the concept of industrial relation capacity of city, where the indicator inter-sector relation is integrated. The intensity of industrial spatial linkage for inter-city with respect to total industry is denoted as:
where CI k is the industry relation capacity of the k-th city, Mc m is the employment population of m-sector, and CI m represents the value of the inter-sectoral relations of m-sector.
Differing from the industrial relation capacity, IISLI indicates the intensity of industrial spatial interaction. Due to the distance-decayed law of the industrial spatial interaction, the gravity model is used to calculate the IISLI of total industry. In this article, we take "2" as the distance decay coefficient, because it has been proved that the strength of an economic tie is inversely proportional to the square of the distance between two cities [9] . The formula can be expressed as Equation (6) .
where CI kl is the IISLI of total industry between city k and city l, CI k and CI l are the industrial relation capacities of the k-th city and the l-th city, respectively, K is the gravitational constant (here K = 1) [22] , and D kl represents the Euclidean distance between city k and city l (based on city center).
The IISLI of Each Sector
Based on the calculation of intensity of industrial spatial linkages at the total industry level, we need to explore the spatial interaction at the industrial sector level, which will provide more detailed information on the spatial distribution and the interdependence relationship among different sectors in an urban agglomeration area. We defined the IISLI of each sector the same as the IISLI of total industry. The gravity model was used to calculate the indicator of spatial interaction intensity among cities of a sector, which is defined as:
where CI kl−m is the spatial interaction intensity of the mth industry sector, Mc m is the employment population of the mth sector, CI m represents the inter-sectoral relation value of the mth sector, and K and D kl are the same as in Equation (6).
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Results
Inter-Sectoral Relations Analysis
Response Gradient and Influence Gradient Measurement
The wave effect gradient field was measured by employing the complete consumption coefficient and the direct consumption coefficient in Chinese Input-output Table (2012) . Then, the response gradient and influence gradient were calculated according to Equations (1) and (2), as reported in Table 2 . The results of response gradient showed that the manufacturing sector is most affected by other sectors, while public management, social security, and social organization are least affected by other sectors. The response gradient of various sectors is very different-from 4.8058 to 0.0164 (the former is 293 times greater than the latter). In addition, the 42 sectors can be divided into three classes, according to the value of the response gradient. The chemical products manufacturing sector and metal smelting and rolling processing sector have response value gradients, ranging from 3 to 5. Most of manufacturing and a few service industries have response gradients in the range of 0.6-3. Almost all of the other 20 sectors with values from 0 to 0.6 are the tertiary industry.
The results of influence gradient indicated that manufacturing has greatly stimulated the development of other related industrial sectors. Compared with the value of response gradient, the range of influence gradient is much smaller. The 42 sectors of influence gradient value are in the range of 0.0312-1.9228. These 42 sectors can be divided into three classes, according to the value of their influence gradient. Their sectors have value of influence gradients from 1.5 to 2, and are generally metal-related manufacturing. There are 14 sectors with values ranging from 1-1.5, most of which are manufacturing. There are 20 sectors with values in the range 0-1, consisting of the tertiary industry and the primary industry. Among them, the chemical products manufacturing sector has the lowest influence gradient and the highest response gradient, indicating that it is much affected by other sectors and impact less on other sectors.
Inter-Sectoral Relations Measurement
Evaluating the degree of association among different sectors is of great importance, to reflect their development level and overall technical level. The inter-sectoral relation values of all sectors were calculated with Equation (4) and sorted in descending order. As revealed in Table 3 , the information transmission, computer services, software sector, scientific research and technical services and geological prospecting sector, manufacturing sector, and financial sector, are in the top four positions, which means these four sectors are at the higher level of the industry system. Meanwhile, the agriculture, forestry, animal husbandry and fishery sector, extractive sector, accommodation catering sector, public management and social organization, resident services, and other services sector, are the last four, indicating that they are at the bottom of the industry system. In the premise of ensuring life and production, the high level of sectors should be given a priority to triggering regional economic development. In recent years, China has already been transformed into a service-oriented industry. However, the manufacturing sector should still be developed vigorously to meet the demand for various products and to provide employment opportunities. For mitigating the ecological and environmental problems caused by economic development, policymakers should accelerate the adjustment of the industrial structure and encourage high-tech industry sectors, and realize a rapid transformation from the traditional manufacturing sector to an advanced manufacturing sector. All industries shifted from independent operations to correlation, enabling most sectors to maintain linkages with other sectors through the industrial chain. 
Analysis of the Industrial Spatial Linkages in Urban Agglomeration Area
Analysis of the Features of Industrial Spatial Linkages
With Equation (6), we obtained the IISLI of the total industry in 2015, and there are a total of 351 linkages. The values of IISLI were multiplied by 10 5 in order to amplify the differences of industrial spatial linkages. For the purpose of visualization, we only plotted the linkages whose values are in the first half, illustrated in Figure 3 . We divided these linkages into six classes, according their values, which can better illustrate the different levels of IISLI at the total industry level.
Differences of Industrial Spatial Linkages
As described in Figure 3a , the IISLI value of total industry in UAMRYR is remarkably different. Wuhan-Xiaogan's is the strongest (127.4882), while Loudi-Yingtan's is the lowest (0.1497). The former is 851 times greater than the latter.
From the perspective of the intensity of industrial spatial linkages, WMA, RCZXUA, PLEZ, and XJYCG have formed self-organized systems, and the pattern of linkage intensity presents great difference (Figure 3 ). It indicated that the regional development in UAMRYR did not break through the restrictions of administrative boundaries in the early period. The average IISLI of WMA was 10.5169, which indicates the strongest interaction among industry sectors. RCZXUA was the second largest, with a value of 8.8311, followed by XJYCG (8.4397). PLEZ had the lowest value, of 5.7742. The spatial linkages of UAMRYR as a whole showed a gradual decrease from east to west, where the industrial spatial linkages between WMA and RCZXUA still need to be strengthened.
In terms of spatial features of IISLI, each subgroup has presented a different spatial structure (Figure 3b ). WMA shows obvious "centrifugal radiation" characteristics, with the rays of "Wuhan-Xiaogan, Wuhan-Ezhou, Wuhan-Huanggang, Wuhan-Huangshi, and Wuhan-Huangshi" (Figure 3a ). This indicates that WMA had very strong industrial linkages from Wuhan to the periphery cities. It had even radiated from the "Wuhan-Ezhou-Huangshi-Jiujiang-Nanchang" to PLEZ. PLEZ formed a radiation structure with axis of "Nanchang-Jiujiang, Nanchang-Yichun, Yichun-Xinyu, Nanchang-Shangrao, and Nanchang-Fuzhou". The overall regional linkage intensity was weak. Nanchang did not assume the role of a core city. The industrial linkages of RCZXUA presented an elementary network structure, with the links of "Changsha-Yueyang, Changsha-Yiyang, Yiyang-Changde, Changsha-Xiangtan, Xiangtan-Hengyang, Hengyang-Zhuzhou, Zhuzhou-Pingxiang, Pingxiang-Changsha, and Changsha-Zhuzhou". The industrial linkage of XJYCG was described as "Xiangyang-Yichang, Yichang-Jingzhou, Jingzhou-Jingmen, Jingmen-Xiangyang, and Jingmen-Yichang", with the pattern of a relatively balanced network. Compared with the other three subgroups, the industrial linkages of XJYCG were weaker, where effective measures should be taken to strengthen links with WMA and RCZXUA.
As for the subgroup bordering areas, Jiujiang is a connection node in the WMA and PLEZ, where an industrial belt of "Wuhan-Huangshi-Jiujiang-Nanchang" forms. In contrast, Yueyang and Xianning, as the key city in the bordering area of WMA and RCZXUA, have not been frequently communicating with other cities. balanced network. Compared with the other three subgroups, the industrial linkages of XJYCG were weaker, where effective measures should be taken to strengthen links with WMA and RCZXUA. As for the subgroup bordering areas, Jiujiang is a connection node in the WMA and PLEZ, where an industrial belt of "Wuhan-Huangshi-Jiujiang-Nanchang" forms. In contrast, Yueyang and Xianning, as the key city in the bordering area of WMA and RCZXUA, have not been frequently communicating with other cities. 
Industrial Development Planning
To determine the direction of industrial development and clarify the key points of industrial development, we explored the industrial development axis according to the IISLI of UAMRYR. We calculated and visualized the sum of the industrial linkages between each city and other cities, as shown in Figure 4 . The figure shows that UAMRYR has formed two major industrial development axes. Axis 1 develops along the direction of "Xiaogan-Wuhan-Ezhou-Huangshi-Jiujiang-Nanchang", while axis 2 was along with "Yueyang-Changsha-Xiangtan". It can be seen that the industrial development between axes 1 and 2 is relatively independent and has not yet formed a closed linkage. This demonstrates that WMA and PLEZ have developed a close relationship, while RCZXUA does not closely interact with WMA and PLEZ. Among them, the industrial spatial linkages of Wuhan were apparently higher than other cities, which is in the leading position of the industry layout. Xiaogan and Changsha also showed strong industrial spatial linkages. In fact, this is inevitably dependent on their good industrial foundation and the advantage of their location. From this point of view, Nanchang's industrial spatial linkages are a little weaker, indicating that its industrial division and cooperation with surrounding cities are insufficient. In the process of development, UAMRYR should focus on the main axis of industrial linkages and guide and control the intensity and direction of industrial linkages, so as to improve the efficiency of industrial space utilization and advance the sustainable development of industrial space in UAMRYR. First, priority should be given to the development of the area between axes 1 and 2 to improve the industrial linkages among the subgroups. Meanwhile, the economic linkages along the "Jingguang" 
To determine the direction of industrial development and clarify the key points of industrial development, we explored the industrial development axis according to the IISLI of UAMRYR. We calculated and visualized the sum of the industrial linkages between each city and other cities, as shown in Figure 4 . The figure shows that UAMRYR has formed two major industrial development axes. Axis 1 develops along the direction of "Xiaogan-Wuhan-Ezhou-Huangshi-Jiujiang-Nanchang", while axis 2 was along with "Yueyang-Changsha-Xiangtan". It can be seen that the industrial development between axes 1 and 2 is relatively independent and has not yet formed a closed linkage. This demonstrates that WMA and PLEZ have developed a close relationship, while RCZXUA does not closely interact with WMA and PLEZ. Among them, the industrial spatial linkages of Wuhan were apparently higher than other cities, which is in the leading position of the industry layout. Xiaogan and Changsha also showed strong industrial spatial linkages. In fact, this is inevitably dependent on their good industrial foundation and the advantage of their location. From this point of view, Nanchang's industrial spatial linkages are a little weaker, indicating that its industrial division and cooperation with surrounding cities are insufficient. In the process of development, UAMRYR should focus on the main axis of industrial linkages and guide and control the intensity and direction of industrial linkages, so as to improve the efficiency of industrial space utilization and advance the sustainable development of industrial space in UAMRYR. First, priority should be given to the development of the area between axes 1 and 2 to improve the industrial linkages among the subgroups. Meanwhile, the economic linkages along the "Jingguang" high-speed railway and the "Shanghai-Kunming" high-speed railway should be strengthened, so as to cultivate and develop an industrial development network among RCZXUA, WMA, and PLEZ. Second, the cities of the central area should enhance their radiation effect on the peripheral areas, and the cities in west Hubei, the western region of Hunan and southern Jiangxi, should gradually achieve industrial integration with their central cities. 
Spatial Linkage Characteristics of Each Sector
In this study, we selected four sectors with the strongest industrial linkages (as in Table 2 ) to reveal the characteristics of industrial spatial linkages after the IISLI of 19 sectors was obtained with Equation (7). These industrial linkages were visualized by ArcGIS (see Figure 5 ). As Figure 5 shows, the IISLI of each sector exhibits different characteristics.
As shown in Figure 5a , the IISLI of the information transmission, software, and information technology services sector have similar patterns to the total industry. The strongest one of the information sector is "Wuhan-Xiaogan", with a value of 17.6117. The weakest one was "Loudi-Yingtan", with 0.0198. The average linkage intensity was 0.5163. At present, it has formed the linkage spindle, which is "Xiaogan-Wuhan-Ezhou-Huangshi-Jiujiang-Nanchang" between WMA and PLEZ. WMA and RCZXUA also initially formed a "Wuhan-Xianning-YueyangChangsha-Xiangtan" information sector axis. Obviously, the linkages of information sector of RCZXUA and PLEZ have not yet formed a linkage axis. WMA, RCZXUA, and PLEZ were self-contained with the structure of radiation shape, while the correlation among cities of XJYCG was loose. Xianning, located at the boundary of the Hubei province with a close tie to Wuhan, has formed a network structure with three subgroups. Nevertheless, its linkages with Jiujiang and Yueyang should be enhanced so that more close information sector linkages will be achieved in the hinterland of UAMRYR.
The IISLIs of the scientific research, technical services, and geological prospecting sectors were relatively balanced, compared with other sectors. The strongest linkage of the science and technology sector is "Wuhan-Xiaogan", with a value of 19.2595. The weakest one was "Loudi-Shangrao", with 0.0108. The average linkage intensity was 0.5099. The spatial linkages of 
As shown in Figure 5a , the IISLI of the information transmission, software, and information technology services sector have similar patterns to the total industry. The strongest one of the information sector is "Wuhan-Xiaogan", with a value of 17.6117. The weakest one was "Loudi-Yingtan", with 0.0198. The average linkage intensity was 0.5163. At present, it has formed the linkage spindle, which is "Xiaogan-Wuhan-Ezhou-Huangshi-Jiujiang-Nanchang" between WMA and PLEZ. WMA and RCZXUA also initially formed a "Wuhan-Xianning-Yueyang-Changsha-Xiangtan" information sector axis. Obviously, the linkages of information sector of RCZXUA and PLEZ have not yet formed a linkage axis. WMA, RCZXUA, and PLEZ were self-contained with the structure of radiation shape, while the correlation among cities of XJYCG was loose. Xianning, located at the boundary of the Hubei province with a close tie to Wuhan, has formed a network structure with three subgroups. Nevertheless, its linkages with Jiujiang and Yueyang should be enhanced so that more close information sector linkages will be achieved in the hinterland of UAMRYR. The IISLIs of the scientific research, technical services, and geological prospecting sectors were relatively balanced, compared with other sectors. The strongest linkage of the science and technology sector is "Wuhan-Xiaogan", with a value of 19.2595. The weakest one was "Loudi-Shangrao", with 0.0108. The average linkage intensity was 0.5099. The spatial linkages of WMA were remarkably strong, and the scientific and technological sector of Wuhan had an apparent radiation effect to its periphery cities. RCZXUA expanded to the surrounding cities along the axis of "Yueyang-Changsha-Xiangtan". Although XJYCG already had preliminary spatial linkages within the region, the external linkages with WMA and RCZXUA should be strengthened. Meanwhile, the linkages between PLEZ and RCZXUA were insufficient. PLEZ has formed a radiation line of "Xiaogan-Wuhan-Huangshi-Jiujiang-Nanchang" linked with WMA, but the external industrial radiation of Nanchang was relatively weak. The IISLI of manufacturing sector was illustrated in Figure 5c . "Wuhan-Xiaogan" has the strongest linkage in the manufacturing sector, with the value of 4.4262. The weakest one was "Ezhou-Hengyang", with 0.0032. The average linkage intensity is 0.1924. There are two main spindles of the manufacturing interaction among different cities "Xiangyang-Jingmen-JingzhouYueyang-Changsha-Xiangtan" and "Yichang-Xiangyang-Jingmen-Xiaogan-Wuhan-EzhouHuangshi-Jiujiang-Nanchang". In addition, Huanggang has formed a remarkable "fan-shaped" structure with its surrounding cities. WMA, XJYCG, and PLEZ, the three subgroups, have formed an obvious linkage, while RCZXUA was excluded. The manufacturing of other cities around Xianning had more close linkages, but Xianning did not. This is because Xianning had no advantage in population and economic aggregate. In contrast, Yueyang and Jiujiang have already established strong manufacturing linkages with other cities. The IISLI of manufacturing sector was illustrated in Figure 5c . "Wuhan-Xiaogan" has the strongest linkage in the manufacturing sector, with the value of 4.4262. The weakest one was "Ezhou-Hengyang", with 0.0032. The average linkage intensity is 0.1924. There are two main spindles of the manufacturing interaction among different cities "Xiangyang-Jingmen-Jingzhou-Yueyang-Changsha-Xiangtan" and "Yichang-Xiangyang-Jingmen-Xiaogan-Wuhan-Ezhou-Huangshi-Jiujiang-Nanchang". In addition, Huanggang has formed a remarkable "fan-shaped" structure with its surrounding cities. WMA, XJYCG, and PLEZ, the three subgroups, have formed an obvious linkage, while RCZXUA was excluded. The manufacturing of other cities around Xianning had more close linkages, but Xianning did not. This is because Xianning had no advantage in population and economic aggregate. In contrast, Yueyang and Jiujiang have already established strong manufacturing linkages with other cities.
The IISLI of the financial sector was visualized in Figure 5d . The strongest linkage of the financial sector is "Wuhan-Xiaogan", with a value of 14.1583. The weakest one is "Loudi-Jingdezhen", with 0.0204. The average linkage intensity was 0.5499. Compared with the other sectors, the industrial division and cooperation of the financial sector was greater, and the development is at a relatively high level. In WMA, Wuhan had remarkable radiation effect on its surrounding cities in the financial sector, especially the linkages of "Wuhan-Xiaogan, Wuhan-Huanggang, Wuhan-Xianning, Wuhan-Ezhou, Wuhan-Huangshi, and Ezhou-Huangshi". In RCZXUA, the linkage network pattern was highlighted by "Yueyang-Changsha-Yiyang and Changsha-Xiangtan-Hengyang-ZhuzhouPingxiang-Changsha-Zhuzhou". In PLEZ, the radiation pattern can be found with the radiation center of Nanchang. Unfortunately, XJYCG had close correlations with neither the internal cities nor the external subgroups.
In general, the spatial linkages of various sectors have different characteristics. The spatial interaction characteristics of the information transmission, computer services, and software sectors and the scientific research, technical services, and geological prospecting sectors are similar to those of the total industry, which indicates that the high-tech and internet industry contribute most to economic ties among cities. From the view of the intensity of industrial spatial linkages, WMA was the most balanced and well-developed. With respect to single linkage, "Wuhan-Xiaogan" has the strongest spatial linkage in all four sectors, which corresponds to the actual development patterns in the region. In addition, except for the financial sector, the other three sectors of Xianning, Yueyang, and Jiujiang have begun to cooperate, which demonstrates that the central area of UAMRYR will become more important for links among the four subgroups. As for the industrial development of each subgroup, the development of the financial sector in XJYCG lagged behind, and we find that the linkages of the manufacturing sector in RCZXUA and the linkages of the research, technical services, and geological prospecting sectors in PLEZ are the weakest.
Discussions
Analyzing Industrical Spatial Linkage Needs a Multi-Level Framework
The industrial spatial linkages of urban agglomeration determine the economic development level of urban agglomeration, to some extent. Recognizing the spatial structure and direction of economic development and allocating resources rationally are very important for sustainable economy development. Therefore, it is necessary for us to quantify the spatial linkages of urban agglomeration so as to provide reference for development planning. Although there are some studies on industrial spatial linkages, their focuses are different. Existing studies mainly focused on the spatial configuration of a certain link in the industrial chain or a single industrial sector. Most of these studies only provide partial references for regional economic development planning and policy making. This article took into account the multi-level spatial linkages that can reflect the contribution of different sectors to the inter-city linkages, thus providing a more comprehensive policy reference. In terms of research methods, there are only a few existing methods considering the interactions between industry sectors. In fact, the interaction of different sectors in an industrial chain always exists. Ignorance of this interaction will lead to deviations when we measure the industrial spatial linkages. Nevertheless, input-output theory and the wave effect gradient field used in this study can consider in more detail the interactions between different industrial sectors. As for research area, most existing studies concentrate on cities, provinces, inter-provinces, and even nations, and there are not many studies conducted on the industrial spatial linkages within the context of urban agglomeration areas. Therefore, it is necessary to establish a framework to study the industrial spatial linkages of urban agglomeration areas based on the input-output theory. Compared with the urban flow model and social network analysis, the input-output theory can remedy the lack of consideration of input-output effects in previous regional economic linkage studies. We can not only systematically analyze the external industrial spatial linkages of total industry of individual cities, but also explore the internal spatial linkages of individual industrial sectors. This study enriches the quantitative analysis on the spatial interaction of individual industry sectors, which will provide a new perspective for the study of spatial structure of urban agglomeration.
Combining the Input-Output Theroy and Gravity Model Is Feasible
The input-output theory and the gravity model were integrated into the proposed framework. First, we considered the interaction between different industry sectors based on input-output theory, when studying the industrial spatial linkages of urban agglomeration. Input-output tables are easily accessible, while input-output analysis is a feasible approach, as suggested in the field of economics. Second, the concept of gradient in mathematics is introduced into the wave effect gradient field, which can fully demonstrate the interaction between different industry sectors. The wave effect gradient field can be calculated by employing the matrix function of gradient in mathematics. Finally, we applied the gravity model as a measure of inter-city industrial spatial linkages. The gravity model has been demonstrated to be effective and reliable in many studies of industrial spatial linkages in urban agglomeration [9, 12] . The above suggests that the framework is theoretically feasible.
We had applied the proposed framework to investigate the industrial spatial linkages in UAMRYR. We evaluated the inter-sectoral relations based on Input-output Table in 2012. The results of intensity of industrial linkages were slightly different from those of Fang et al. [3] , but the relative order is generally the same. The result of this article shows that UAMRYR has an insufficient industrial spatial linkage, and each subgroup of UAMRYR forms its self-contained industrial cluster. This is consistent with the majority of other studies in the UAMRYR area. For example, Zhou et al. had studied its spatial linkage based on the urban flow model and the gravity model. The results show that the manufacturing and construction sectors have relatively strong radiation capabilities, while the central cities have slightly radial influence to their peripheral cities, where the intensity of industrial spatial linkages are uneven in UAMRYR [34] . Li et al. examined the spatial economic linkages and structural patterns in UAMRYR by using a modified gravity model. The results indicated that each subgroup is relatively independent [35] . Thus, our practical application has demonstrated the feasibility and applicability of the integrated framework.
Limitations and Future Research Directions
Although the framework we proposed in this article can better demonstrate the industrial spatial linkages and development characteristics of urban agglomerations, limitations still exist. As for research methods, in this study we only used unidirectional values to represent the industrial inter-city linkages. However, the mutual inter-city attraction is often unequal. In future studies, we will modify the gravity model to adjust the interaction strength. Furthermore, this article did not explore the causes of IISLI. In the future, we can study the influential factors of industrial spatial linkages and clarify how to enhance the industrial spatial linkages between cities.
Conclusions
Industrial spatial linkage, established by various sectors of the national economy in the process of social production, is a relationship of the direct or indirect mutual influence and constraint. In this relation, the development of a certain industry will have different impacts on other associated sectors, thus affecting the operation of the entire national economy system. Studying the industrial spatial linkages at the urban agglomeration scale can help understand the spatial structure and industrial relationship of urban agglomeration, and provide a valuable reference for planning and policy making in a timely manner. Adopting reasonable and effective policies to adjust the industrial structure and layout will help the regional economy achieve sustainable development. In this article, we proposed a framework to study the industrial spatial linkages of urban agglomeration. The wave effect gradient field approach and gravity model were integrated into the framework. The wave effect gradient field was used to analyze the inter-sectoral relation at the sector level, while the gravity model was adopted to explore the spatial relationship of total industry at the inter-city level. The integrated analysis framework can be used to depict the relationship between different regional economic systems at a more detailed level.
The urban agglomeration in the middle reaches of the Yangtze River has been taken as the study area, which is in the initial stage of regional development. It is crucial to reveal the situation of industrial spatial linkages and discover the bottleneck for regional planning and policy making. Based on the proposed method, the industrial spatial linkages have been analyzed. The results showed that the manufacturing sector is obviously in the dominant position and has the strongest influence on other sectors. The information transmission, computer services, and software sectors, scientific research, technical services, and geological exploration sectors, manufacturing sector, and financial sector have stronger linkages with other sectors. These four sectors could greatly affect national economic development. Their prosperity and stability are crucial to trigger macro-economy sustainable development. Policymakers should therefore pay more attention to promoting the development of these sectors. At the inter-city level, industrial spatial linkages demonstrate that the overall industrial linkages of UAMRYR are insufficient. WMA, RCZXUA, and PLEZ have been aggregated respectively. The industrial division and cooperation in WMA are much better than those of other subgroups, while PLEZ and XJYCG have a relatively weak industrial linkage. In the hinterland of UAMRYR, although Xianning, Yueyang, and Jiujiang have a key locational advantage, the intensity of industrial spatial linkages in these three cities is obviously insufficient. Wuhan has formed significant radiation linkages with its peripheral cities. Changsha and Nanchang also have better industries backgrounds. However, the industrial spatial linkages between the central cities still need to be strengthened. It is our suggestion that UAMRYR should further break the restrictions of administrative boundaries and gradually establish close ties at the inter-city level in future development. First of all, it should intensify cooperation at the administrative border areas, such as Yueyang, Xianning, and Jiujiang. Then, the industrial linkages between subgroups should be strengthened gradually, especially the linkage between RCZXUA and PLEZ. It is necessary to further improve the industrial division and enhance the industrial relation capacity in urban agglomeration. In addition, we should take full consideration of each city's characteristics to adjust the industrial structure and layout moderately, in order to achieve sustainable development.
This framework provides support for investigations on the industrial spatial linkages in urban agglomeration. The case study had demonstrated the usability of the framework, which not only enriched the methodology for the study of industrial spatial linkages, but also provided a new perspective for investigations on the spatial structure of urban agglomeration. This framework can be applied to provincial, inter-provincial, and national areas, or any other urban agglomeration area.
